Age-related macular degeneration (AMD) is an inflammatory disease, which causes visual impairment and blindness in older people. The proteins of the complement system are central to the development of this disease. Local and systemic inflammation in AMD are mediated by the deregulated action of the alternative pathway of the complement system. Variants in complement system genes alter an individual's risk of developing AMD. Recent studies have shown how some risk-associated genetic variants alter the function of the complement system. In this review, we describe the evolution of the complement system and bring together recent research to form a picture of how changes in complement system genes and proteins affect the function of the complement cascade, and how this affects the development of AMD. We discuss the application of this knowledge to prevention and possible future treatments of AMD.
Introduction
Age-related macular degeneration (AMD) is a major cause of blindness in people of European descent. 1 This disease is closely linked to the complement system by its aetiology and pathology. The complement system is an ancient defence mechanism against infectious microbes.
2,3 It has many other important physiological functions, including clearance of apoptotic cells and immune complexes, and other roles related to tissue homeostasis. 4 Because of the multitude of interactions between complement and non-complement proteins, the complement 'cascade' may be best represented as a protein network among several other interacting pathways. 5 For the complement system to cause AMD, there must be initiation (a 'trigger'), amplification, and local retinal damage caused by the process. The alternative pathway of the complement system is spontaneously activating and self-perpetuating. The complement system therefore acts not only as a messenger network and the instrument by which damage is caused, but it may also be important in the initiation of the disease process. This may explain why individuals with different variants of diverse complement system genes may respond to the same environmental triggers with more or less harmful inflammation.
In this review, we will discuss recent progress in understanding how the complement system is related to the initiation, development, and treatment of AMD. We will focus particularly on recent genetic associations and studies of function that shed light on pathophysiological mechanisms and therefore offer insights that may provide opportunities for the development of new treatments.
Age-related macular degeneration
AMD is experienced by patients as progressive distortions and diminutions of vision, particularly of central vision. Episodes of declining vision are often sudden, leaving scotomas that do not subsequently improve. 6 The clinician observes AMD in its earliest stages as drusen, which are deposits of cellular debris and inflammatory material seen between the retinal pigment epithelium and Bruch's membrane. 7 The word 'drusen' is from the German word meaning geode, a spherical collection of crystals sometimes found in rock. 8 Drusen do not themselves affect vision and many older people develop drusen without progressing to AMD. However, the presence of drusen is a sign of increased risk of development of the disease, and is in part determined by some of the same genes that affect AMD risk. 9 More severe AMD is characterised by the development of either geographic atrophy ('dry' AMD) or neovascular AMD (exudative, 'wet' AMD). Geographic atrophy is more common and appears as hypopigmented patches on the retina. Neovascular AMD is rarer, but is responsible for more severe visual impairment. Fragile new blood vessels form (choroidal neovascularisation) and may break, resulting in subretinal haemorrhages and scarring. 8 
The evolution of complement
The proteins of the complement system are responsible for a major part of the human immune response against microbes and can cause damage to self-tissues. The evolution and relatedness of complement proteins explain the overlappingFand sometimes competingFfunctions of several components.
Infection with microbes has been the major evolutionary selection pressure driving the development of the complement system. 2, 10 Tight coevolution of hosts (including humans) and infectious microbes has occurred throughout evolutionary history and resulted in the evolution of microbes that evade host immune recognition. Likely all successful infectious microbes have developed mechanisms to subvert or evade host complement attack by binding or mimicking complement proteins. 11 For example, Neisseria meningitidis specifically survive in human hosts and express proteins that bind to human negative regulators of the complement system such as complement factor H (CFH) in order to protect themselves from complement attack. 12 A selection pressure is therefore exerted on the microbe, which evolves quickly due to its short generation time, to successfully deceive the host immune system. A countervailing selection pressure is also exerted on the host to detect infectious microbes, to change its own proteins to prevent them either being bound to microbes with high affinity or to have a configuration different from any mimicked proteins on the microbe's exterior. Changes in the complement system will often be deleterious, however, given the importance of its many functions.
The evolutionary history of the complement system has been traced by searching for complement genes in distantly related animals. The results of this search suggest that the oldest parts of the system are complement component 3 (C3) and complement factor B (CFB), which were identified in sea anemones of the phylum Cnidaria. 10 Cnidaria diverged from Bilateralia (which include vertebrates and therefore humans) B1300 million years ago, indicating that the basic complement system is at least of this age. 10 Given the central role of C3 and CFB in the complement pathways, it is not surprising that they are the oldest elements of the system. The alternative pathway is the oldest of the complement activation pathways. The lectin pathway evolved subsequently and was followed by the classical pathway. 10 Many of the complement genes contain small exons, which encode short peptides called short consensus repeats (SCRs) or complement control proteins, many of which have a specific enzymatic or binding function. 13 These exons have allowed rapid evolution of complement proteins by exon shuffling. 13 In this evolutionary process, an exon coding for a peptide with a particular property (eg an enzymatic action), may be duplicated, inserted or deleted, either within or between genes. This is the basis for generating modular proteins, which include not only complement proteins, but many other proteins such as those of the clotting cascade. Examples of this include the SCR-containing complement regulators and C1r, C1s, C2, and C4 proteins, which possess serine protease modules, allowing them to enzymatically cleave serine peptide bonds such as those found in C3 and C5.
14 During evolution, the complement genes have increased in number from 2 to 440 by several means. Current evidence suggests that the entire human genome has gone through two tetraploidisation events. The whole genome was twice duplicated, resulting in four copies of most chromosome pairs. 15 Genes duplicated by this means are called ohnologues. Some whole regions have been duplicated on other chromosomes. For example, Lundin has mapped similarities across chromosomes 1, 11, 12, 15, and 19. 16 Furthermore, several genes have undergone tandem duplications. Examples of this include CFB and C2, C4A and C4B, and CFH and the CFHR3, CFHR1, CFHR4, CFHR2, and CFHR5 genes. Genes duplicated in this way are called paralogues. Duplication of whole genomes or single genes allows for some redundancy of function by the presence of an unnecessary extra copy, which may undergo mutation and selection without adversely affecting the function of the other copy. Genes created by duplication are often found clustered together, particularly in cases of more recent duplication events. Close positional association may also be conserved because of shared genetic control elements. 14 The shared sequences of duplicated, juxtaposed complement genes are responsible for the development at least one of the polymorphisms associated with disease risk by way of a process known as non-allelic homologous recombination. A sufficiently similar nearby sequence may allow a deletion to result if a new complementary strand of DNA becomes separated from the original strand and rejoins at the paralogous area, missing out part of the original sequence. For example, the terminal three exons of CFH share almost 100% sequence similarity with the terminal three exons in CFHR1. Deletion of CFHR3 and CFHR1, which are located between these segmental duplications, seems to have occurred by this mechanism. 17 Deletion of CFHR1 and CFHR4 is also known, with the exclusion of a segment between two other highly similar regions. 18 These deletions are not usually found de novo, but are inherited, having occurred in one or more ancestors. The question of what, if any, selective advantage deletions of these genes may confer is not yet answered. Altered risk of AMD is very unlikely to account for the evolutionary persistence of the deletion of CFHR3 and CFHR1, as the onset of AMD is usually long after child-bearing. The answer is more likely to be found in susceptibility to one or more infections.
Knowledge of how the complement system genes evolved is useful in the context of understanding the similar functions of many of the proteins. The regulators of complement activation (RCA) cluster on chromosome 1, for example, contains genes encoding related inhibitory proteins, including CFH, membrane cofactor protein (MCP), decay-accelerating factor, and C4-binding protein (C4BP).
The complement cascades
The basic structure of all the complement pathways can be summarised as follows: initiation, formation of a C3 convertase, cleavage of C3, formation of a C5 convertase, cleavage of C5, and formation of the membrane attack complex. 19 On the simplest interpretation, each of the three complement pathways (alternative, lectin, and classical) is a unique method of activating the C3 molecule, initiating pro-inflammatory reactions, and activating the terminal complement pathway. Key to the amplification of the pathway is the fact that C3 is proteolytically activated to C3b due to C3 cleavage, and forms a new C3 convertase molecule that will cleave more C3. A positive feedback loop therefore follows. 3 In some contexts, the activation of the terminal pathway is a vital end result (this may be the case for Neisserial infection, where host genetic deficiencies of the terminal pathway proteins increase susceptibility greatly). 20 However, in many situations, the release of the anaphylatoxins C3a, C4a, and C5a or formation of the opsonins C3b and iC3b may be more important. At almost every step of all three pathways, there is crosstalk with proteins from other physiological pathways.
5,21
The alternative pathway is continuously activated by spontaneous hydrolysis of the internal thioester bond in C3 to form C3(H 2 0) ( Figure 1 ). This molecule, although not cleaved, can fulfil the same role as C3b in a C3 convertase. 22 This process is known as 'tick-over' and occurs constantly at a low rate in biological fluids (0.005% per hour at 37 1C in vitro).
22 C3(H 2 0) binds to CFB, and this complex is cleaved by the complement serine protease factor D (CFD), resulting in splitting of the CFB protein into Ba and Bb fragments.
23 C3(H 2 0)Bb is a C3 convertase, which splits C3 into C3a and C3b. Once produced by these means, C3b perpetuates the positive feedback loop described above, joining CFB to form more convertase enzyme. Newly cleaved C3b is also deposited on nearby surfaces. C3(H 2 0)Bb is a less efficient enzyme than C3bBb, but is less easily inactivated by CFH and its cofactor complement factor I (CFI). 24 Because of the continuous activation of the alternative pathway in this manner, it requires inhibitory regulators to prevent inappropriate overactivation and damage to self-tissues.
Initiation of the lectin pathway occurs when pattern recognition molecules (any of mannose-binding lectin (MBL), L-ficolin, H-ficolin, or M-ficolin) bind to the exterior surfaces of bacteria. 25 These pattern recognition molecules bind to MBL-associated serine proteases (MASP-1, MASP-2, and MASP-3), 5 which are closely related to C1r and C1s. The MBL-MASP-2 complex activates C4 and C2 by cleavage of thioester bonds, from which complement activation continues in the manner of the classical pathway, described below.
The classical pathway is initiated when C1q (a pattern recognition molecule) binds to immunoglobulin in immune complexes, to CRP on self or microbial surfaces or directly to molecules expressed on microbial membranes. 5 This complex activates C1r, which becomes enzymatically active and cleaves C1s. C1s then activates C2 and C4, releasing C2a, C2b, C4a, and C4b. C2b and C4b become joined to form a C3 convertase, C4b2b. C2 is similar (and related) to CFB, while C4 is similar (and related) to C3. The C4b2b molecule is functionally similar to C3bBb. 26 All three pathways result in production of C3b, and therefore regulators that act at this step of the cascade (such as CFH) are not only important in the alternative pathway, but influence all three pathways.
The activated pathways cause an increased plasma concentration of C3b molecules, leading to the incorporation of an extra C3b molecule into the C3 convertase. This results in production of C3bBb3b in all pathways in addition to C4b2b3b in the classical and lectin pathways, molecules that act as C5 convertases. 27 The convertase cleaves C5 into C5a (an anaphylatoxin) and C5b, which forms part of the membrane attack complex. Unlike in the case of C3, the cleavage of C5 is not self-perpetuating.
C5b binds to C6, C7, C8, and C9 in sequence. 28 C8 binds the incomplete membrane attack complex to cell surfaces, and up to 16 C9 molecules are then assembled on the membrane to generate a circular polymer, forming a pore that can perforate the membranes of nonencapsulated microbes. The membrane attack complex can also bind to self-membranes, stimulating release of growth factors from vascular endothelium. 29 C3a, C4a, and C5a anaphylatoxins are released during these reactions. They are chemoattractants for phagocytic cells. 30 C3a and C4a also exert anti-microbial action, and can damage bacterial and fungal cell membranes. 31 The anaphylatoxins can bind to seven transmembrane spanning G-protein-coupled receptors, affecting smooth muscle contraction, degranulation of mast cells and neutrophils, and antigen presentation of dendritic cells. 5 As well as playing a central role in the system, C3b, iC3b (inactivated C3b) and C4b are important opsonins. Phagocytes possess receptors (complement receptors CR1 to CR4 and CR1g) that bind to opsonins they encounter, attaching them to target cells. 5 There are several receptors and regulatory proteins associated with the pathways (Figure 1) . CFH is the main inhibitor of the alternative pathway, and has a particularly important role because of the constant activation of that pathway. 32 The gene encoding CFH also encodes an alternatively transcribed truncated protein, factor H-like 1 (FHL1), which shares the first seven SCRs with CFH, and therefore some of the same enzymatic functions, but does not share a heparin-binding domain in SCRs 18-20, which binds CFH to cell membranes. 33, 34 CFH, with CFI, inactivates C3b (forming iC3b), reducing formation of the C3 and C5 convertases in the fluid phase and on self surfaces. CFH-related 1 (CFHR1) is a complement inhibitor that inhibits C5 convertase activity and membrane attack complex assembly. 35 MCP (or CD46) is smaller than CFH, containing only four SCRs in comparison to CFH's 20, but is closely related and fulfils the function of inactivation of C3b and C4b on selfsurface membranes. 36 C4BP fulfils the same function as CFH for the lectin and classical pathway convertases. 19 These related genes are found clustered together in the RCA region at chromosome 1q31-32.
Evidence for complement activation in AMD
The drusen in AMD contain almost all alternative complement pathway proteins, including CFH, C3, and the products of its activation and degradation, and the terminal pathway proteins C5, C6, C7, C8, C9, separately and in combination as the membrane attack complex. 37, 38 This indicates that there is local, complement-mediated inflammation in the retina in AMD. The products of complement activation in AMD can also be detected in blood. Scholl et al 39 found that C3d, the Ba fragment of CFB and CFD were much increased in patients with AMD. The presence of activation products in circulating blood indicates that the inflammation found in AMD is not limited to the retina, but is systemic. To what extent systemic complement activation reflects pathological events in the eye, and to what extent systemic inflammation may be manifest in the eye is not yet clear.
Environmental exposure and complement
The effect of environmental exposures and behaviours on AMD risk may be at least partly mediated through the complement cascade. Smoking tobacco has consistently been found to increase risk of AMD. The Age-Related Eye Disease Study (AREDS) reported an odds ratio of 1.6 Figure 1 The alternative pathway of the complement system and its regulators. The alternative pathway is central to the pathogenesis of AMD. Variants in complement component and regulator genes result in altered protein function and therefore altered dynamics of the system. The symbol indicates decay-accelerating function (of convertase) or inactivation (of C3b to iC3b), þ indicates enzymatic action, and -indicates inhibitory action.
for neovascular AMD and 1.8 for geographic atrophy when comparing people who had smoked 410 packyears to those who had not. 40 The Beaver Dam Eye Study found that women who were current heavy smokers had a relative risk of 2.4 compared with female neversmokers. 41 The Blue Mountains Eye Study found that current smokers had a relative risk of 3.9 of late AMD compared with non-smokers. 42 Cigarette smoke has been shown to activate C3 in vitro and makes it less susceptible to inactivation by CFH and CFI. 43 In vivo, tobacco activates the classical pathway. 44 AREDS reported that high dietary intake of omega-3 long chain polyunsaturated fatty acids was associated with lower risk of neovascular AMD. 45 The Blue Mountains Study supported these findings and furthermore observed that weekly consumption of fish and weekly consumption of nuts decreased risk of AMD, while high LDL cholesterol raised risk. 46 HDL, which is protective against AMD, contains complement proteins, including clusterin, vitronectin, C3, C4A, C4B, and C9. 47 HDL has been reported to inhibit binding of the terminal complement complex to cell surfaces, interfering with either the insertion of C9 into the membrane or its polymerisation. 48 Halkes et al 49 have shown that C3 levels increase in humans after eating fat.
Exercise was shown to reduce AMD risk in the Beaver Dam Study 50 and by Williams in a cohort study of 33 000 people. 51 Moderate exercise has anti-inflammatory effects mediated via the complement system: CFB is decreased, while protective CFH is increased. 52 
Genetic variants of complement genes associated with AMD and their functional effects
The CFH gene was the first of the complement genes found to be associated with AMD risk. [53] [54] [55] The association was originally detected in small studies and has been replicated numerous times. CFH is mainly produced in the liver (though some is produced by endothelial cells) and is a major circulating protein. 56 It binds to self-surfaces in order to protect them from activated complement. A coding single-nucleotide polymorphism (SNP), rs1061170 (Y402H), is responsible for an amino-acid change resulting in either a tyrosine (Y) or a histidine (H) molecule in the final protein.
The variant is found in the ninth exon of the CFH gene, which encodes the seventh SCR module of the protein. This SCR is responsible for attaching CFH to glycosaminoglycan molecules on self-surfaces. 33 Using donor eyes, Clark et al 57 recently showed that the 402H (AMD high risk) variant of CFH found fewer binding sites in Bruch's membrane and choroidal blood vessels than the 402Y (low risk) variant. Interestingly, they showed that there was no difference in binding of the two variants to surfaces of the retinal pigment epithelium. They also found that CFH bound to heparan sulphate and dermatan sulphate on cell membranes: when these two molecules were removed, CFH did not bind to the cell surface. The authors suggested that tissue specificity of these CFH-binding molecules may be important in the pathology of the disease, and in separating the mechanism of AMD from other CFH-related diseases, such as renal dense-deposit disease. 58 This study did not examine binding at the other GAG binding part of CFH, SCRs 18-20, which are duplicated in CFHR1. The risk variant 402H binds less well to monomeric CRP, an opsonin, resulting in less protection by CFH on necrotic or apoptotic self-tissues in the retina. 59 A second coding variant in CFH, rs800292 (I62V), is also associated with AMD. This SNP is in the second exon of CFH and results in an isoleucine (I) amino acid instead of (more commonly) a valine (V) in the first SCR of the protein. The isoleucine variant is protective against AMD. 60 The first four SCRs of CFH are the site for C3 convertase decay acceleration and for the inactivation of C3b (along with CFI). 33 Tortajada et al 61 reported that the I62 variant of CFH binds more strongly to C3b than the V62 variant, with the measured consequences that the C3 convertase, C3bBb, is formed less efficiently and C3b is decayed to iC3b more readily. The decay-accelerating function was not affected by the polymorphism.
A third polymorphism in this region with important functional effects is a deletion of the CFHR3 and CFHR1 genes which follow CFH and which are closely related to it. The deletion is associated with lower risk of AMD.
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CFHR3 and CFHR1 are expressed genes whose proteins have functions in the complement system that are independent of those of CFH, as shown in studies carried out in CFH-depleted serum. 35, 62 CFHR1 protein inhibits the production of the C5 convertase (C3bBb3b). 35 CFHR1 contains five SCRs, the final three of which share 98% identity to the final three SCRs of CFH, which form a heparin-binding domain. 33 The function of CFHR3 has recently been characterised in an elegant series of experiments by Fritsche et al. 62 The terminal two SCRs of CFHR3 are 96% similar to SCRs six and seven of CFH, which are functionally important, as described above.
33
CFHR3 was found to act with CFI to degrade C3b in the absence of CFH. 62 Like CFHR1, CFHR3 also inhibits the C5 convertase, a function that CFH does not share. 62 The sequence identity between both of these CFHR proteins and CFH adds an additional level of complexity. Both CFHR1 and CFHR3 compete with CFH for binding on C3b, and the presence of either reduces CFH binding. 62 The CFHR1 and CFHR3 molecules do not share with CFH the function of accelerating the decay of the C3 convertase. When they bind to a C3 convertase, at Complement in AMD: a focus on function DT Bradley et al the expense of CFH, they prevent the decay of the C3 convertase. Additionally, even in the functions that they share with CFH, their efficiency as enzymes is usually less. Their concentration therefore affects the level of complement activation in a complex way. 62 Deletion of the genes and therefore reduction (in heterozygosity) or absence (in homozygosity) of the CFHR3 and CFHR1 proteins means that there is a deficiency of these two anti-inflammatory molecules, but an increase in the activity of CFH, resulting in a lower inflammatory state, at least in the case of the retina in AMD. Fritsche et al 62 showed that CFHR1 was more important in this regard than CFHR3. CFHR1 shares a heparin-binding site with CFH, and so in the case of reduction or absence of CFHR1, CFH can be expected to bind more abundantly to self-surfaces, as well as carrying out its inhibitory functions with less competition from the CFHR proteins.
Homozygous deletion of CFHR3 and CFHR1, protective against AMD, is an important risk factor for atypical haemolytic uraemic syndrome (aHUS). 63 In aHUS, auto-antibodies to the terminal SCRs of CFH form and impair its binding and function, thereby leaving self-tissues underprotected against spontaneous complement activation. 34, 64 Homozygous deletion of any gene of the classical complement system pathway is an important genetic cause of systemic lupus erythematosus, which is usually associated with the development of auto-antibodies to the missing protein. 65 Some of those antibodies cross-react with other proteins, causing clinical effects. The presence of auto-antibodies to the C-terminus of CFH is very likely to be an example of the same phenomenon, with the antibodies to the absent CFHR1 molecule cross-reacting with the homologous region of CFH and interfering with its normal function. The deletion of CFHR3 and CFHR1, therefore, increases the efficiency of CFH protection against complement attack on host membranes, unless auto-antibodies form to the C-terminus. In this event, CFH function is disrupted, resulting in damage to host membranes, as is seen in aHUS. It seems, however, that auto-antibodies to CFH are not a significant cause of AMD. A recent study found that auto-antibodies to fragments of CFH were less common in AMD cases than in age-matched controls. 66 This reflects the much lower frequency of the CFHR3 and CFHR1 deletion among AMD cases than controls, because of its protective effect. However, the paper further demonstrates the complexity of the interactions of antibodies with CFH, as it shows the presence auto-antibodies to parts of CFH other than the C-terminus, and that the incidence of these auto-antibodies increases with age.
Functional studies have uncovered the probable disease mechanisms underlying these associations and may lead to future treatments aimed at modifying the complement system in people affected by AMD and other diseases. Genetic studies suggest that there may be further variants in the region associated with altered risk that have not yet been uncovered. CFB forms part of the alternative pathway C3 and C5 convertase enzymes. The minor allele of a CFB polymorphism, rs641153 (R32Q), with a glutamine (Q) substituted for an arginine (R) is associated with protection from AMD. 67 The same codon is also affected by a SNP of the next base pair (rs12614, R32W), which results in a tryptophan (W) substitution. This polymorphic residue is in the Ba fragment of the CFB protein, which does not serve any known function after it is split from CFB by CFD. 23 The polymorphisms are adjacent to the site of enzymatic cleavage and occur in a binding site for C3b during the formation of the proenzyme C3bB. Montes et al, using both human and then recombinant CFB, showed that the 32R variant of CFB binds to C3b with four times stronger affinity than the 32Q variant and formed proenzyme and enzyme more efficiently than the 32Q variant. The 32W variant formed enzyme at a rate intermediate between the 32R and 32Q variants. 23 The protection against AMD associated with the 32Q variant of CFB is due to less efficient formation of the C3 convertase, a less efficient complement system being advantageous in this context. The findings of the Montes et al study would suggest that the 32W variant should also be protective, though with a less strong effect than 32Q. We have investigated this hypothesis in a case-control study and found that the 32W variant is protective, with an odds ratio intermediate between 32R and 32Q. 68 Another variant of CFB, L9H, is independent of R32Q and was found to be associated with protection against AMD. 67 The variant is in the signal peptide of the protein, which affects its travel through cytoplasm and is removed before export from the cell. Gold et al suggested that the peptide variant may alter secretion of CFB. There have been no functional studies of the effect this polymorphism published to date.
CFB is paralogous with complement component 2 (C2). These genes are located in tandem in the major histocompatibility complex class III region, a cluster of immune-related genes on chromosome 6p. Linkage disequilibrium spans several genes, which has made elucidation of the causative variants more difficult. 69 In the first paper to report the association, the authors speculated that variants in CFB were the likely source of the association with AMD risk. 67 The role of CFB in the alternative pathway and subsequent evidence of the functional effect of R32Q support this idea. 23 CFI is a cofactor with CFH for the inactivation of C3b. Non-coding polymorphisms adjacent to the gene and in an intron of CFI are associated with altered risk of AMD. 70 The associations have been independently replicated, 71, 72 but no functional cause of the association has been found. Whether variants in the promoter region affect expression or whether undiscovered coding changes in the gene are responsible remains unknown.
Complement C3 is central to the complement cascade. The most strongly associated genetic variant in C3, rs2230199 (R80G) is a coding change resulting in the substitution of a glycine for an arginine. 73 This polymorphism causes a change in the electrical charge of the C3 protein observed in the fast and slow electrophoretic variants of the protein. The amino-acid position is in the C3b part of the molecule, not in the anaphylatoxin C3a. The same variant appears to affect the outcome of renal transplantation. 74 A 1972 study of the fast and slow variants found no difference in haemolytic activity. 75 There have been no recent published functional studies of the effect of this polymorphism and so the mechanism of its effect in AMD is not yet known.
A candidate gene study of complement genes by Ennis et al 76 showed an association between (mainly neovascular) AMD with SNPs in the promoter and introns of serpin peptidase inhibitor, clade G, member 1 (SERPING1), in both a UK and a USA cohort of patients. The authors showed that the gene, which is an inhibitor of complement component 1, is expressed in the retina. 77 Subsequent studies using seven independent cohorts of AMD patients and controls failed to replicate the association with the gene variants. 78 However, a further independent study of neovascular AMD and disease-free controls 79 has recently replicated the original Ennis et al 76 findings, noting that the previous replication groups were of mixed phenotype. The SERPING1 association remains controversial, but if it becomes established, this is the first indication that the classical complement pathway may be involved in AMD pathogenesis. Several groups have searched for associations between other complement-related genes and risk of AMD, with some apparent associations being found, including C7 and mannose-binding protein. 80 An association was found with a coding polymorphism in C5 but it failed to replicate and may have represented a type I error. 81 At the present time, these cannot be considered to be established risk factors for AMD.
The major genetic risk factor for AMD is found on chromosome 10q, in the region of ARMS2 and HTRA1.
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The causative variant affecting risk is thought to be a polymorphism in the promoter of HTRA1 (high temperature requirement A-1 serine peptidase 1). The risk variant is associated with a twofold increase in expressed HTRA1 protein. 83 This gene encodes a serine peptidase (like C1r, C1s, C2, and C4), which in vitro cleaves fibromodulin, clusterin, ADAM9, vitronectin, and a-2-macroglobulin. 83 Fibromodulin is a structural protein associated with collagen and contains keratan sulphate chains. 84 It binds to C1q and CFH on different binding sites (ie, without competition between the two molecules) and activates both the alternative and classical complement pathways, but usually does not result in membrane attack complex formation because of the inhibition by CFH. 84 Clusterin and vitronectin are inhibitory complement proteins that prevent formation of the membrane attack complex.
5 ADAM9 is a metallopeptidase, which acts as an enzyme to release a growth factor, pro-HB-EGF, which interacts with heparan sulphate, the CFH ligand. 85 a-2-Macroglobulin is closely related to C3, C4, and C5, but interacts with the coagulation cascade as a protease inhibitor. 86 The reason for the HTRA1 association has been elusive, but it seems now that progress is being made towards a better understanding of its involvement, and it may indeed be related to the complement system.
Treatments
No current treatments for AMD directly act on the complement system. There is no effective treatment for geographic atrophy, and treatment of neovascular AMD is currently based on monoclonal antibodies against vascular endothelial growth factor (anti-VEGF). 87 This treatment aims to prevent growth of fragile new blood vessels.
The uncovering of the complement pathway as the major contributing pathway to AMD pathogenesis has resulted in interest in this system as a potential therapeutic target. Compstatin has been developed as a potential treatment that targets the complement system. 21 It is a peptide that is administered by intra-vitreal injection, and which binds to C3 protein and inhibits binding of the C3 molecule to the C3b in the C3 convertase. The injected material forms a gel that slowly releases the molecule over many months, therefore dosing intervals could be relatively long. The drug has completed phase I trials. A small study in a primate model of AMD found improvement of drusen in four subjects. 88 CFH is the major inhibitor of the complement system and has potential as a therapeutic agent if it could be supplemented or its production induced. A group in Germany has successfully transfected a moss with human CFH and produced a culture from which biologically active recombinant human CFH can be extracted. 89 CFH and C3 are both central to the complement cascades, and successful enhancement of CFH function or inhibition of C3 activation will reduce downstream events, including anaphylatoxin, opsonin, and membrane attack complex production. Treatments intended to disrupt the complement cascade at the level Complement in AMD: a focus on function DT Bradley et al of C5 are also being developed and may have useful applications in the treatment of AMD. 90 The future of complement in AMD AMD is a complex genetic disorder with important environmental risk factors. 91 The risks associated with some variants of complement genes, however, are high, particularly in combination. Montes et al 23 suggested the term 'complotype' to describe the combination of complement variants that may alter systemic complement activation and affect disease specificity. This is an idea that deserves further exploration, as it may be that the cumulative risk of combinations of risk variants is more complex than a simple combination of probabilities would suggest.
It is also important to note that although some variants are associated with reduced risk of AMD, where this is brought about by a reduction in the efficiency of the complement system, there may be an expensive trade-off. The 32Q variant of CFB, which decreases risk of AMD, increases susceptibility to some infections and to the complications of infections, for example, cardiomyopathy in Chagas disease. 23 The CFH Y402H polymorphism associated with high AMD risk has recently been found to be protective against systemic inflammatory response syndrome in children. 92 Deletion of CFHR3 and CFHR1 is protective against AMD, 17 but homozygous deletion predisposes to the very serious systemic disease, aHUS, because of the formation of auto-antibodies that cross-react with CFH protein. 63, 64 Given two alternative configurations of a protein, each may predispose to different pathologies, and with different effects in the heterozygous and homozygous states. We should recognise, therefore, that there often is no 'model' protein that functions perfectly and without any possible adverse consequences. Rather, there may be several variants that each carry different risks, the effects of which may be dependent on the context of other genetic, environmental or microbial exposures. Knowledge of these dichotomies will be important in the development of new treatments for AMD aimed at influencing the complement system.
Genome-wide association studies first revealed associations between AMD and variants in the complement genes. The nature of these studies is that they do not often directly reveal the causative variants of the genes, but may implicate markers in linkage disequilibrium with the true causative polymorphisms. Since the discovery of the gene associations, detailed genetic studies and careful functional studies have tried to unravel the means by which gene variants affect the protein interactions that lead to the disease. It is most likely that future treatments for AMD will depend on developing ways of enhancing or disrupting the complement system at appropriate stages to lessen harmful complement activation in the retina. The observation that lifestyle factors such as diet, exercise, and smoking alter complement activation provides an explanation for the efficacy of prevention measures, and an impetus to facilitate and encourage health improving behaviour.
The discovery of the genes involved in AMD was one of the first successes of the genome-wide association studies that followed the completion of the Human Genome Project. It seems likely that AMD will also be among the first diseases to benefit from treatments that have grown directly from that knowledge.
Conflict of interest
The authors declare no conflict of interest.
